Two Myb-related transcription factors, Myb305 and Myb340, are expressed specifically in flowers of Antirrhinum. The proteins are structurally very similar throughout their DNA binding domains, implying that they bind to common target motifs. This binding has been demonstrated experimentally. Myb305 has been shown to activate the gene encoding the first enzyme of phenylpropanoid metabolism, phenylalanine ammonia-lyase. We show that Myb340 can also activate transcription from the phenylalanine ammonia-lyase gene promoter and that both transcription factors can activate two other genes involved in flavonoid metabolism, thereby linking early and later steps in plant secondary metabolism. Myb340 is a stronger activator than Myb305, but relatively more Myb305 than Myb340 protein is able to bind to target promoters when both proteins are synthesized in yeast or Escherichia coli, probably as a result of inhibition of Myb340 binding by phosphorylation. This means that Myb305 can compete with Myb340 to reduce its effective transcriptional activation when both transcription factors are expressed in the same cell. This competitive interaction has been demonstrated in plant cells. Expression patterns determined by in situ hybridization showed that the two transcription factors are expressed within the same cells of the flower and imply that the detailed specializations in function of these two apparently redundant transcription factors may be used to provide gears that adjust the rate of induction of secondary metabolism to floral development.
INTRODUCTION
Phenylpropanoid metabolism is a major source of secondary metabolites in plants. It supplies isoflavonoid, flavonoid, and stilbene phytoalexins after biotic and abiotic stress; anthocyanin pigments, particularly in flowers and fruits; flavanones for copigmentation in flowers; flavonols for copigmentation and pollen viability; and the phenolic precursors for lignin biosynthesis in vascular tissues. These various products are induced by a wide range of developmental and environmental changes. The genetic control of some branches of this pathway is particularly well understood. For example, approximately nine enzymes are involved in the branch committed to synthesis of anthocyanin pigments, as shown in Figure 1 (Martin and Gerats, 1993) . In maize, the entire set of genes encoding these enzymes is thought to be regulated coordinately by two genes, R and Cf, in the aleurone and by paralogous genes in other parts of the plant (Paz Ares et al., 1987; Chandler et al., 1989; Ludwig et al., 1989; Ludwig and Wessler, 1990; Cone et al., 1993) . In flowers of dicotyledonous plants, anthocyanin control is more complex (Almeida et al., 1989; Beld et al., 1989; Martin et al., 1991; Quattrocchioet al., 1993; Weisset al., 1993) .
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Universidad Cordoba, 14004 Cordoba, Spain. Although expression of all the structural genes is coordinated during flower development and is restricted to the epidermal cell layer of petals (Drews et al., 1992; Jackson et al., 1992) , expression of the earlier and later steps of the pathway is controlled independently. This division of control of the flavonoid biosynthetic pathway into modules may provide a relatively simple mechanism for channeling intermediates from general phenylpropanoid metabolism into specific secondary products in flowers. For example, as a result of modular control, flowers of Antirrhinum have the potential to synthesize flavanones independent of their production of anthocyanins, and because prospective pollinators can perceive both fiavanones and anthocyanins, this flexibility may be important in determining the distribution of different flavonoids to attract insects.
In maize, synthesis of phlobaphenes, a group of flavonoids distinct' from anthocyanins, is achieved through activation of an independent module of anthocyanin biosynthetic genes by the P gene (Grotewold et al., 1994) . Both,C7 and P encode Myb-related transcription factors that probably bind to the same or very similar target sites in the activation of anthocyanin and phlobaphene biosynthesis, respectively (Roth et al., 1991; Grotewold et al., 1994; Tuerk and Fromm, 1994) . However, whereas P can activate transcription directly, C1 requires the Regulatory genes such as Delila, €luta, and Rosea are required for expression of genes encoding F3H, DFR, AS, and UDP:glucose flavonoid 3-O-glucosyl transferase (UFGT) in Antirrhinum (Bartlett, 1989; Martin et al., 1991; Goodrich et al., 1992) ; An2, An4, and An77 are required for expression of genes encoding DFR, AS, UFGT, and rhamnosyl transferase (FIT) in petunia (Beld et al., 1989; Quattrocchio et al., 1993; Weiss et al., 1993) . In neither species are these regulatory genes required for expression of the genes earlier in the pathway, such as those encoding PAL, CHS, or CHI. Other steps indicated are cinnamate 4-hydroxylase (C4H), 4-coenzyme A ligase (4CL), flavone synthase (FS) , and flavonol synthase (FLS). additional presence of R (Goff et al., 1992) . Metabolic flexibility is a function both of the distribution of specific binding motifs among the target genes and of the specificity of protein-protein interactions required to activate transcription from these sites.
The transcription factor Myb305 is specifically expressed in flowers of Antirrhinum and can activate transcription from a conserved motif in the promoters of genes encoding the first enzyme of phenylpropanoid metabolism, phenylalanine ammonia-lyase (PAL) (Jackson et al., 1991; Sablowski et al., 1994 Sablowski et al., , 1995 . Within dicotyledonous flowers, the major end products of phenylpropanoid metabolism are the anthocyanin pigments of the petals and the flavonols, which serve as copigments and which are also required for pollen viability and germination (Mo et al., 1992; Taylor and Jorgenson, 1992; Yrstra et al., 1994) . The conserved binding site within the PAL promoter recognized by Myb305 (AACCTAAC; the P-box) resembles elements in other plant genes involved in flavonoid biosynthesis (Sommer and Saedler, 1986; Grotewold et al., 1994; Sablowski et al., 1994) , indicating that Myb305 might also regulate expression of these other genes during flower development. Antirrhinum flowers also express a second Mybrelated transcription factor, Myb340 (Jackson et al., 1991) , which is structurally very similar to Myb305, especially in its DNA binding domain. This similarity suggests that it recognizes the same target motifs as Myb305.
Here, we describe the ability of Myb305 to activate a subset of flavonoid structural genes that are required for flavonol synthesis. We also report on the related activity of Myb340 and define differences in the activity of the two transcription factors, which suggest that their apparent genetic redundancy may be used competitively to gear changes in the rates of gene expression involved in the induction of secondary metabolism during flower development.
RESULTS

Differential Activation by Myb Proteins from the Promoters of Flavonoid Biosynthetic Genes in Yeast
Transient assays of transcriptional activation in plant cells are difficult to interpret because of high levels of background activity and high and variable production of transcription factors and reporter constructs. These problems are particularly acute when trying to compare the activity of very similar transcription factors and to asses whether they can compete for a common binding site. In addition, transient expression assays can potentially lead to misinterpretation of gene function through the effects of spurious interactions with endogenous proteins resulting from high levels of transcription factor production. To test whether the Myb305 protein is involved in activating flavonoid biosynthetic genes as well as the gene encoding PAL, transcriptional activation by Myb305 from potential target sequences was tested in yeast, a system that has been shown to be very reliable in the assay of Myb-related proteins and free from interference by Myb-related proteins from yeast (Goff et al., 1992; Chen and Lipsick, 1993; Sablowski et al., 1994; Solano et al., 1995a) .
Reporter constructs that are shown in Table 1 contain fragments of the promoters of the anthocyanin biosynthetic genes encoding chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (AS) in Antirrhinum (each containing -200 bp upstream of the TATA box). These fragments are fused to a minimal CYC7 promoter driving the p-galactosidase reporter gene in the integrative plasmid pMH1. For comparison, fragment A of the gfAL2 promoter from bean, from which activation by Myb305 has already been demonstrated (Sablowski et al., 1994 (Sablowski et al., , 1995 , is also shown. lntroduction of myb305 under the control of the GAL7 promoter in pYES2 stimulated expression of the reporter gene from constructs containing the gPAL2 and CHI gene promoters (5.1-and 12.2-fold, respectively), and very weakly from the construct containing the F3H promoter (2.2-fold), but not from those containing the CHS, DFR, and AS promoters (which showed only 1.8-, 1.4-, and 1 .O-fold induction of P-galactosidase activity, respectively, over the control values [ Table 1) ). In Antirrhinum, cDNAs encoding six Myb proteins have been cloned from flowers by sequence homology (Jackson et al., 1991) . All have potential activation domains toward their C termini. To test whether any of these other floral Myb proteins could activate transcription from the flavonoid target promoters, we introduced Myb306, Myb308, Myb315, Myb330, and Myb340 into yeast in the presence of the reporter constructs described above. Myb340, another flower-specific Myb protein, could also activate transcription from the gPAL2, CHI, and F3H promoters in yeast, stimulating expression of the reporter gene 6.2-, 164.7-, and 8.5-fold, respectively. Like Myb305, it had very little effect on the CHS, DFR, and AS promoters ( l a b l e 1). Myb306, Myb308, Myb315, and Myb330, on the other hand, did not stimulate expression of the different reporter genes. Myb305 and Myb340 differ only in four amino acid residues in the deduced sequences of their two DNA binding domains (Jackson et al., 1991) . This similarity, especially over the recognition helix of the third repeat (Frampton et al., 1989; Ogataet al., 1994) , suggested that these two transcription factors recognize the same target motifs. Transcriptional activation by Myb340 from the target promoters was always greater than that stimulated by Myb305, indicating that Myb340 is a stronger activator than Myb305 in yeast.
When Synthesized in Yeast, the Myb305 Protein Binds to All Promoters of Flavonoid Biosynthetic Genes More Strongly Than the Myb340 Protein
Analysis of transcriptional activation in yeast also allowed us to test whether Myb305 and Myb340 proteins interacted with the gPAL2, CHI, and f 3 H promoters directly by performing electrophoretic mobility shift assays (EMSAs) with the same extracts used to assess the transcriptional activation. We used as probes the fragments of the Antirrhinum CHI and F3H promoters, which responded to Myb305 and Myb340 activation, and the gPAL2 promoter for comparison, as well as the equivalent fragments from the CHS, DFR, and AS promoters from which there was no induction. The binding activity of the proteins to these promoters was assayed in the same yeast extracts used to determine the response of the different conr structs to induction by the transcription factors. A specific binding to all the promoter fragments was detected in the yeast extracts expressing Myb305 and is shown in Figure 2 . This binding activity was inhibited by antibodies raised against the Myb305 protein at 1:iOO dilution. Myb340 also bound to all the promoters, but much less strongly than Myb305 under the same conditions. Binding by Myb340 was not increased by altering the concentrations of salts or reducing agents or by changing the temperatures or incubation time. Thus, although Myb305 bound strongly to all the promoters of the flavonoid biosynthetic genes tested, it activated only the expression of gPAL2, CHI, and F3H promoters in yeast. Myb340, which consistently bound much less strongly to all the promoters than Myb305, activated expression from the gPAL2, CHI, and F3H promoters more strongly than Myb305.
To test whether the differences in the behavior of Myb305 and Myb340 proteins were the result of incomplete protein synthesis or protein instability in yeast, we used the Myb305 antiserum that will, at high titers, also recognize Myb340. Myb305 and Myb340 proteins of the predicted molecular m a s were produced in yeast; however, the difference in crossreactivity of the antiserum to the two proteins did not allow us to quantify precisely the production of each protein in yeast. Gel retardation assays were performed using fragments of these promoters as probes. (Promoters are listed in Table 1 .) One microgram of protein was used from extracts of yeast transformants expressing Myb305 (305) or Myb340 (340) proteins (see Table 1 ). Controls are total protein extracts from yeast without the effector plasmid. The inhibition in the binding of the Myb305 protein by preincubation with an antiserum (at dilutions of 1:100 or 1:1000) raised against Myb305 (Ab305) is shown. P indicates incubation with preimmune serum at dilutions of 1:100 or 1:1000. Arrows point to the bands corresponding to the binding activity (B) and free probe (F).
DMA Binding Activity of Myb305 and Myb340 Proteins Expressed in Escherichia coli and in Vitro
To assess the relative binding affinities of the two proteins, we cloned the cDNAs encoding Myb305 and Myb340 proteins into an S-Tag vector under the control of the T7 promoter for expression in £ coli. These S-Tag fusions allowed us to measure the concentration of the fusion proteins by assaying RNase-S for direct comparison of the binding activities of the two proteins. DNA binding was assayed using the CHI promoter for EMSAs with S-Tag-Myb305 and S-Tag-Myb340 proteins. Using equal amounts of Myb305 and Myb340 fusion proteins, as shown in Figure 3C , we detected binding specifically by both proteins, which is shown in Figure 3A , but Myb340 bound to the CHI promoter less strongly than did Myb305. Myb305 and Myb340 proteins were also synthesized in vitro, using rabbit reticulocyte lysate, and their binding to the CHI promoter was compared by using the EMSA. The amount of each protein synthesized in vitro per unit of mRNA was equivalent when assessed by measuring the incorporation of Therefore, the affinity of Myb340 for the CHI promoter was the same as that of Myb305. The calculated binding of the CHI probe was sevenfold lower with Myb340 than with Myb305 for equivalent amounts of total protein from yeast, indicating that less of the Myb340 protein than of the Myb305 protein could bind the CHI promoter. The proportion of Myb340 protein active in specific DNA binding was closer to that of Myb305 (twofold lower) when the proteins were synthesized in vitro.
Post-Translational Modification of Myb340 Reduces Its Binding Affinity for the P-Box
Myb305-and Myb340-containing extracts synthesized in vitro in £ coli and in yeast were incubated with bacterial alkaline phosphatase before EMSA. Dephosphorylation had no effect on binding by either of the proteins synthesized in vitro, as shown in Figure (305) and Myb340 (340) proteins synthesized in vitro by using rabbit reticulocyte lysate from equal amounts of priming RNA. -RNA is the control lysate without priming RNA; +ap indicates treatment of extract with alkaline phosphatase. (B) An EMSA of S-Tag-Myb305 and S-Tag-Myb340 proteins synthesized in E. coll The probe without added protein is designated fp, and c is the extract from E. coli carrying the S-Tag vector alone. (C) Myb305 and Myb340 proteins synthesized in yeast and treated with alkaline phosphatase (+ap). The probe without added proteins is designated fp, c is the control extract from yeast without either effector plasmid, and c + ap is the control extract treated with alkaline phosphatase. B, bound probe; F, free probe.
binding of Myb305 and Myb340 to the CHI promoter probably result from differential phosphorylation in vivo, which inhibits binding by Myb340 to its target motifs.
Myb305 and Myb340 Bind to the Same Sequence in the CHI Promoter
Two potential P-boxes are present in the CHI promoter fragment Sablowskietal., 1994) . To determine whether Myb305 and Myb340 bound to the same sequences within this promoter, competitive DMA binding studies were undertaken using the CHI probe and fragments of the gPAL2 promoter with different mutations in the P-box and in another sequence with an ACGT core (G-box-like), which is found in the promoters of several anthocyanin biosynthetic genes (Coen etal., 1986; Sommer and Saedler, 1986; Almeidaetal., 1989; Schulze-Lefert et al., 1989; Staiger et al., 1989; Martin et al., 1991; Sablowski et al., 1994) . Figure 5 shows inhibition of the binding activity of both Myb305 ( Figure 5A ) and Myb340 (Figure 5B) synthesized in yeast to the CHI promoter by fragment A (which contains unmutated P-box and G-box-like sequences) and fragment B (which contains an unmutated P-box sequence and a mutated G-box-like sequence), but not by fragment C (which contains a mutated P-box and an unmutated G-box-like sequence). These results suggested that Myb340 was binding to the same site as Myb305. To verify this, the CHI promoter was mapped by using DNase I protection of the two proteins synthesized in vitro. Protection over one of the potential P-boxes was the same for Myb305 and Myb340 ( Figure 5C ).
Myb305 and Myb340 as Transcriptional Activators in Plant Cells
To combine these results and to test for function in plant cells, transient assays in protoplasts were used to determine whether Myb305 and Myb340 could activate expression from flavonoid biosynthetic gene promoters in plant cells and whether Myb340 was a stronger activator than Myb305 in this situation. We felt that it was important to use cells in which neither Myb305 nor Myb340 was normally expressed so that we could assay for the effects of each on transcription without interference from the other protein.
Tobacco flowers express proteins homologous to Myb305 and Myb340, but leaves do not (C. Martin, unpublished results; Sablowski et al., 1994) ; therefore, we used tobacco leaf protoplasts for these assays. Reporter constructs were based on a plasmid containing a minimal promoter consisting of the TATA sequence of the cauliflower mosaic virus (CaMV) 35S promoter (from nucleotide -60 relative to the transcriptional start site) upstream of the p-glucuronidase (GUS) reporter gene (Sablowski et al., 1994) . The CHI and F3H promoter fragments were inserted upstream of the CaMV TATA sequence. When introduced into protoplasts by cotransformation, Myb340 activated expression of the CHI-GUS and the F3H-GUS reporter genes, as shown in Figure 6 . Myb305 did not significantly activate either reporter gene, reflecting its relatively low activation from these promoters in yeast. Activation of GUS by these constructs was not as high as activation in yeast cells, perhaps because of the high background activity from the promoters by endogenous transcription factors in tobacco protoplasts, as previously reported (Sablowski et al., 1994) . Nevertheless, the results are consistent with those found in yeast, especially the results emphasizing that activation of these promoters by Myb340 is stronger than activation by Myb305. These observations demonstrate that the differences in activity of the two transcription factors in yeast also operate in plant cells.
Myb305 Can Inhibit Activation by Myb340 through Competition for the Same Binding Site
Our results suggest that both Myb305 and Myb340 can activate transcription of PAL and CH/ genes, and that Myb340 can activate the F3H gene, although Myb305 induces expression of the F3H gene only weakly. Therefore, these proteins might be considered to have redundant functions, but the differences in their transcriptional activation potentials and binding capacities in £ co//or yeast suggest that they serve subtly different roles in controlling flavonoid biosynthesis in plants. Expression of both proteins in the same cell could result in competition between them for a common target site, and Myb305 might be able to displace Myb340 as a result of its effectively higher levels of binding-competent protein and to reduce gene expression as a result of its lower activation potential.
To test this hypothesis, we examined the interaction of the two proteins in the activation of the CH/ promoter in yeast. First, constructs that made C-terminal deletions from each protein were expressed in yeast to test the effects of removal of the potential activation domains. Figure 7 shows that the loss of these domains dramatically reduced activation by Myb305 and Myb340, demonstrating that their negatively charged C-terminal domains were necessary for activation by both proteins. Myb340 was then expressed alone or together with Myb305. Coexpression of the two transcription factors reduced activation of the CH/ promoter by 50% compared with activation by Myb340 alone. This finding supports the view that Myb305 can compete with Myb340 for the same target site when expressed in the same cell, effectively reducing activation driven by Myb340. When Myb340 and the inactive, truncated version of Myb305 (Myb305t) were coexpressed, activation was further reduced to ~25% of the levels driven by Myb340 alone, demonstrating that even when effectively reducing the overall activation by Myb340, full-length Myb305 probably contributes to transcriptional activation. The relatively large drop in activation following the introduction of the truncated version of Myb305 with Myb340 compared with the activation by full-length Myb305 with Myb340 may result from C-terminal deletions increasing the binding affinity of the Myb305 protein for its binding site, as they do for other Myb proteins (Solano et al., 1995a) .
The interaction between Myb340 and Myb305 was also tested in tobacco protoplasts (Figure 6 (A) and (B) Binding activity of Myb305 (305) to the CHI fragment and binding activity of Myb340 (340) to the CHI fragment, respectively. The binding reactions were performed as described in Figure 2 , and competition was with fragment A, which contains the P-box (P) and G-box-like (G) sequences, fragment B (unmutated P and mutated G), and fragment C (mutated P and unmutated G), as described by Sablowski et al. (1994) , at 10 (A10, B10, and C10) and 50 (A50, B50, and C50) times the concentration of the probe, fp, free probe; co, control yeast extracts without effector plasmid; B, bound probe; F, free probe. (C) Footprints of protection afforded to CHI promoter by Myb305 and Myb340 synthesized in vitro against DNase I digestion. Protected fragments of the negative strand of the CHI promoter are indicated by arrows. No protection was observed on the positive strand. The sequence on the positive strand corresponding to the protected region of the CHI promoter is indicated. C indicates protection afforded by lysate without priming RNA. p-60 contains the TATA region of the CaMV 35s promoter up to nucleotide -60 relative to the transcriptional start fused to the GUS reporter gene; pCHl and pF3H constructs contain the corresponding promoter fragments (described in can interact through competition to determine the leve1 of transcription of their target genes. The relatively strong inhibition of Myb340 activation by coexpression of Myb305 also shows that the amount of Myb340 protein able to bind to the CHI promoter is relatively low when compared with that of Myb305 in these plant cells, reflecting the results obtained in yeast.
Expression of myb305 and my6340 1s Coordinate within Flowers and Suggests That These Transcription Factors Serve a Role in Flavonol Biosynthesis
Expression of myb305 and myb340 genes during floral developmeni is very similar, although myb340 expression can be detected earljer (in younger buds) than myb305 expression (Jackson et al., 1991 The CHI reporter plasmid was as described in Table 1 , and the effector plasmids were Myb305 and Myb340 or their truncated versions (Myb305t and Myb340t, respectively). Two independent transformants carrying the CHI reporter were chosen for second transformations. Six transformants containing each effector plasmid corresponding to three colonies from each of the original reporter transformants following the second transformation were used. In the cotransformations, the complete coding sequence of myb305 and the truncated coding sequence of myb305 (Myb305t) were cloned in a version of pYES2 (pYESPTRP) and introduced into cells containing the integrated reporter and Myb340 effector plasmid. Two such double transformants were used for a third transformation with the second (Myb305 or Myb305t) effector plasmid. Eight transformants containing both effector plasmids (+Myb340 + Myb305 or +Myb340 +Myb305t) corresponding to two colonies chosen after the third transformation of each original reporter transformant were assayed. Each value for the resultant P-galactosidase assay is the mean for all the transformants, with the corresponding standard deviation. The fold activation (number on the top of the bar) is relative to the corresponding activity in the absence of the effector plasmid(s).
gene. For the four genes, the pattern of expression was very similar in the carpel and at the base of the petals. Expression was localized mainly to the base of the carpel, the nectary, and the developing ovules and placental tissue. Examples illustrating expression in the nectaries for all four genes are shown in Figures 8A to 8D . Expression of all four genes was detected in the ovules. The intensity of the staining depended on the section, suggesting that hybridization was strongest in the outer cells of the embryo. All four genes were also expressed in the transmitting tract of the style. In petals, F3H and CHI gene expression was highest in the epidermal tissue, whereas myb305 was expressed in the mesophyll as well as in the epidermis, in a region around the mouth of the flower, as shown earlier for myb340 (Jackson et al., 1991) . The distribution of myb305 mRNA detected by in situ hybridization correlates well with the distribution of the Myb305 protein detected by immunolocalization with the anti-Myb305 antibody (V. Hocher and C. Martin, unpublished results) . Within the placental wall, ovules, and nectaries, the expression patterns of myb305 and myb340 (examined over at least six sections each) were similar, suggesting that they may indeed interact competitively in the control of expression of flavonol biosynthetic genes. At the developmental stages examined, the carpels and ovules do not contain visible anthocyanin pigments; however, they do contain flavonols, as detected by a stain specific for unglycosylated flavonols (Figures 8E and 8F ). Flavonol production, which is believed to be important for pollen viability and germination, requires the activity of general phenylpropanoid and some flavonoid biosynthetic enzymes, including PAL, CHI, and F3H, but it does not involve DFR activity. Therefore, the expression pattern of Myb305 and Myb340 and their target genes is strongly correlated to the sites of flavonol production in flowers (Figure 8) , suggesting that control of production of flavonols is the primary function of these regulatory genes. In other parts of the flower, such as the epidermal tissues of the petals where PAL, F3H, and CHI are involved in anthocyanin biosynthesis, myb305 and myb340 were not highly expressed; this observation suggests that other transcription factors regulate these target genes there.
DlSCUSSlON
We have extended the functional role of Myb305 by showing that it is able to activate transcription of a gene in the flavonoid biosynthetic pathway (encoding CHI) and, very weakly, the gene encoding F3H, in addition to being able to activate the first gene of general phenylpropanoid metabolism encoding PAL (Sablowski et al., 1994) . This result extends our understanding of the control of plant secondary metabolism by showing that the same transcription factor may activate genes early in phenylpropanoid metabolism and genes later in flavonoid biosynthesis, thereby working to coordinate their expression in the induction of specific, specialized, biosynthetic pat hways.
A second transcription factor expressed in Antirrhinum flowers, Myb340, is structurally very similar to Myb305 and shows the same specificity in its activation of phenylpropanoid and flavonoid biosynthetic genes. When expressed in vivo, however, Myb340 shows less binding to target promoters than does Myb305 and yet has stronger transcriptional activation. Its expression pattern within the flower is also very similar to that of Myb305. The apparent redundancy in function between the myb305 and myb340 genes may actually serve to provide quite subtle changes in target gene expression, gearing it to different stages of flower development. myb340 is expressed earlier than myb305 during flower development, with myb340 being expressed at the stage of rapid increase of flavonoid gene expression (Jackson et al., 1991) . Its high activation potentia1 may cause the rapid induction of target gene expression, which subsequently may be reduced to a more durable maintenance leve1 by Myb305, which binds to target promoters to a greater extent but which activates transcription less strongly than does Myb340. Supporting this possibility is the fact that competition for a common binding site and repression by Myb305 of Myb340-induced transcription can be demonstrated in yeast and in plant protoplasts, implying that the two factors interact competitively when they are expressed in the same cell.
The differences in the capacity of Myb305 and Myb340 to bind DNA appear to result largely from phosphorylation of Myb340. Myb340 contains a serine residue in the first repeat of its DNA binding domain that, at the equivalent position in Myb305, is an alanine residue (Jackson et al., 1991) . This residue is a candidate for differential phosphorylation between the two proteins that could have a significant impact on DNA binding. Phosphorylation of Myb340 is clearly a process that could also be subject to regulation during flower development to give even greater range to the control of flavonoid gene expression.
60th Myb305 and Myb340 activate target gene expression in yeast and plant protoplasts when supplied alone. This activity is in sharp contrast to the behavior of the product of the C7 gene of maize. This gene requires a second transcription factor product, R, to activate the transcription of anthocyanin biosynthetic genes, but it is analogous to the activity of the P gene product of maize, which can induce expression of a subset of anthocyanin biosynthetic genes when supplied on its own to maize cells (Grotewold et al., 1994) . Recently, we identified another myb gene, Rosea, from Antirrhinum, which regulates anthocyanin biosynthetic genes; this gene appears to interact with Delila (which is structurally related to R; G d r i c h et al., 1992) and seems to be very similar functionally to C1 (C. Martin, unpublished data; Martin and Gerats, 1993) .
It has been suggested that some of the differences in target gene response to P and C7 may reflect differences in the architecture of the target promoters: some may contain binding sites for Myb transcription factors such as P that work alone; some may contain binding sites for Myb transcription factors such as C1 that interact with basic helix-loop-helix partners; (A) to (D) In situ hybridization of riboprobes with myb305, myb340, CH/, and F3H, respectively, within the carpels of the flower. Strong hybridization in each case was observed in the nectaries (n). Staining was also observed in the placental tissue of the carpels (p), the ovules (o; the intensity depends on the angle of section), and in the transmitting tract of the style, cw, carpel wall. (E) Localization of flavonols in carpel and style tissues of mature flowers after staining of hand-cut sections by soaking in 1 mM diphenyl boric acid amino-ethyl ester (Sheanan and Rechnitz, 1992) and observation under long-wave UV light. No. 1 indicates a nivea mutant lacking CHS activity and making no flavonoids; 2, incolorata mutant lacking F3H activity and making no flavonols; 3, wild type showing fluorescence in the nectary and style; 4, pal mutant lacking DFR activity and leading to the accumulation of flavonols in the carpel and style. (F) Close-up view of a wild-type flower stained for flavonols in tissues of the nectary (n), style (s), and petal (p). and some may contain binding sites for both (Grotewold et al., 1994; Tuerk and Fromm, 1994) . Similar considerations may determine the response of selected targets to Myb305lMyb340, Rosea, or both in the control of flavonoid biosynthesis in flowers. However, our data suggest that transcription factor binding in this regulatory system cannot be directly equated to transcriptional activation. Both Myb305-and Myb340 bound to all target promoters tested and yet showed significant activation only from the PAL, CHI, and f 3 H promoters. Thus, there might be more subtle features of promoter architecture that affect whether a particular Myb transcription factor, once bound, can activate transcription. Such features could involve the number and location of binding sites relative to the basal transcriptional machinery. Myb proteins bend DNA (Saikumar et al., 1994; Solano et al., 1995b) , so the spatial configuration of the promoter DNA or its structural flexibility might affect whether their activation domains interact with the general transcriptional machinery to activate transcription.
Our use of yeast to assay both transcriptional activation and binding has allowed us to ascribe and quantify the Myb305 and Myb340 transcriptional activation of native Antirrhinum flavonoid gene promoters. One problem with the literal interpretation of the results from yeast in the context of the regulation of the target genes in the plant is that we have tested only short fragments of each promoter sequence. Although Myb305 and Myb340 may also interact with regions farther upstream in the target promoters in flowers, all the evidence from the functional dissection of CHS, CHI, and DFR gene promoters in Antirrhinum and other species suggests that the sequences regulating expression in flowers lie within the first 300 bp of the promoter (Sommer et al., 1988; Almeida et al., 1989; Van der Meer et al., 1990 Fritze et al., 1991) . Another limitation is of course that other proteins may interact with Myb305 and Myb340 to modify their behavior in Antirrhinum flowers.
With these limitations on interpretation, it is premature to conclude definitively that Myb305 and Myb340 cannot activate CHS, DFR, and AS in the plants. However, in yeast they appear to be able to bind without activating some promoters; therefore, if the results from yeast reflect the response of the full promoters in plants, the ability of Myb305 and Myb340 to bind to the DFR and AS promoters could result in their silencing expression either through competition for binding sites with the normal Myb-related activators (such as Rosea), as has been reported for the antagonistic action of 6-Myb with c-Mybh-Myb in mammalian cells (Foos et al., 1992; Watson et al., 1992) , or through steric hindrance of the activity of transcription factors binding to other sites within the promoters. A silencing of DFR and AS would fit with the likely metabolic function of Myb305 and Myb340 in controlling flavonol biosynthesis (which does not require the activity of these enzymes). However, if the gene encoding CHS is not activated by Myb305lMyb340, it must be under independent transcriptional control for the synthesis of flavonols. Perhaps yet another Myb protein regulates this step in flavonol biosynthesis, as has been proposed for a distinct Myb protein, Myb.Ph3, from petunia (Solano et al., 1995a) .
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Our results show that the regulation of secondary metabolism in plants is complex, involving related transcription factors with discrete specificities controlling subsets of target genes that direct flux to particular end products. Such transcription factors probably also interact competitively. These results do not support one of the two models proposed by Quattrocchio et al. (1993) concerning the evolution of complexity in regulatory systems. They suggest that separate control arose through target gene duplication and subsequent mutation to adjust binding motifs for recruitment of new regulatory systems. Both F3H and CHI are encoded by single genes in Antirrhinum, and yet f 3 H is regulated both by RosealDelila and by Myb305 and Myb340. These results support the alternative view that members of the Myb family of transcription factors have diversified their function in plants by extending it to include independent control of different branches of phenylpropanoid metabolism (Avila et al., 1993) . In addition, duplication of myb genes may have allowed detailed specializations in function, such as those shown by Myb305 and Myb340, to provide gears to adjust the rate of secondary metabolism to floral development and environmental changes, with the regulatory genes contributing both discretely and through interaction with each other to inductive and maintenance production of flavonoids. This type of functional redundancy could also be a general aspect of transcriptional regulation, providing inductive and maintenance expression of target genes geared to many different developmental changes.
METHODS
General Techniques
Standard cloning techniques were used as described by Sambrook et al. (1989) . DNA sequencing was based on Sanger et al. (1977) and involved double-stranded plasmid sequencing of fragments in pE3luescript SK+ (Stratagene), using Sequenase (United States Biochemical). Protein concentration was measured by the method of Bradford (1976) .
Yeast Transformations and lacZ Assays
The reporter plasmids described in Table 1 were derived from the integrating plasmid pMH1 (Sablowski et al., 1994) , which contains a truncated CYC7 promoter fused to the lacZ reporter gene. Fragments of chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (AS) promoters from Antirrhinum majus (extending from the first nucleotide 5'to the TATA box upstream for ~2 0 0 bp and including each predicted P-box motif) were generated by polymerase chain reaction (PCR) amplification and inserted by using engineered BamHl and Xhol restriction enzyme sites into the Xhol and Bglll sites lying upstream of the truncated CYC7 promoter. In all constructs, segments generated by PCR were checked by sequencing.
Effector plasmids were derived from pYES2 (Invitrogen Corp., San Diego, CA), which contains the GALI-inducible promoter for expression of inserted genes. Effector plasmids contained the complete coding sequences of Myb305 or Myb340 or truncated versions of Myb305 (up to lle-174 and designated Myb305t) or Myb340 (up to Glu-131 and designated Myb340t). Yeast cells (Sacchammyces cerevisiae JB811: ura3-52 leu2 trp7) were transformed with linearized reporter plasmids, according to Gietz et al. (1992) . Plasmid integration was confirmed by DNA gel blot analysis. Two transformants for each reporter plasmid were used for a second transformation with the effector plasmids. In some cases, two double transformants were used for a third transformation with effector plasmids derived from pYES2TRP (which is the same as pYES2, except that the selectable marker has been changed from uracil to tryptophan, a gift from M. Bevan of the John lnnes Centre). Transformants were grown in liquid medium to an Am nm of 1.2 to 1.4, and GAL7 activity was assayed and enzyme units were calculated according to Miller (1972) .
Protoplast Transformation
Reporter constructs for protoplast transformation were based on pB1221.8, which contains a fusion of the cauliflower mosaic virus (CaMV) 35s promoter TATA region (from position -60) to the P-glucuronidase (GUS) reporter gene and the nopaline synthase terminator downstream of the polylinker from pUCl9. The CHI and F3H fragments ( lable 1) were inserted upstream of the CaMV TATA region. The effector plasmids contained the complete myb305 or myb340 coding sequences inserted into the polylinker of pJlT60 (Guerineau and Mullineaux, 1993) , which is a pUC-derived vector containing sequences from the CaMV 35s promoter upstream of a polylinker and the CaMV terminator. Plasmids were purified by banding in CsCl (Sambrook et al., 1989) before use.
Preparation and transformation of tobacco leaf protoplasts were based on Negrutiu et al. (1987) . Aliquots of 0.5 to 1.0 x 106 cells in 60 pL of MAMg buffer (90 g L-l mannitol, 3 g L-I MgCI2, and 1 g L-I Mes, pH 5.6) were mixed with 10 pg of reporter plasmid and 2 pg of total effector plasmids in a final volume of 20 pL (1 pg of each effector plasmid when both proteins were coexpressed, and 1 pg of effector plasmid plus 1 pg of effector plasmid without any inserted coding sequence when only one protein was expressed). Sixty microliters of PEG CMS (24 g L-I Ca[NO& 4H20, 73 g L-' mannitol, 300 g L-I polyethylene glycol 3350; Sigma) was added and gently mixed; 200 pL of 0.2 M CaCI, was added after 20 min. After an additional20 min, protoplasts were collected by centrifugation and resuspended in 900 pL of MSP9M media (Draper et al., 1988) . Transformed protoplasts were incubated for ~4 8 hr at 25°C with a 16-hr photoperiod (170 pE m+ se@) and then lysed by the addition of 50 NL of 5x concentrated GUS extraction buffer (Jefferson, 1987 ) and centrifuged; GUS activity was assayed fluorometrically in the supernatant, as described by Jefferson (1987) .
Yeast Protein Extracts
Transformants used in the lacZ assays were grown under identical conditions, harvested, and disrupted using glass beads in 20 mM Tris-HCI, pH 7.9. 10 mM MgCI2, 1 mM EDTA, 1 mM DTT, 0.3 mM (NH4)2S04, 1 mM phenylmethylsulfonyl fluoride, and 5% glycerol. Protein concentration was determined according to Bradford (1976) .
Myb305 and Myb340 Protein Synthesis in Escherichia coli and in Vitro E. coliK38 was transformed with constructs in an S-Tag vector derived from pRSETa (Invitrogen Corp., San Diego, CA). The sequences encoding the STag and polylinker of pET29a (Novagen, Madison, WI; an XbaCBpnl021 fragment) replaced the histidine tag and polylinker of pRSETa (an Xbal-BpnlO21 fragment). The constructs contained the cDNA sequences encoding Myb305 or Myb340. Bacterial cells were grown at 3OOC. After a heat shock (42% for 25 min), cells were grown for 2 hr at 30%. The cells were harvested by centrifugation, resuspended in yeast extraction buffer, and lysed by passage through a French press (1000 psi). The lysate was centrifuged, and the supernatant was stored at -8OOC. Myb305 and Myb340 fusion protein concentrations were measured in the crude extracts, according to the manufacturer's instructions (S-Tag system; Invitrogen). Fusion protein production was visualized on protein gel blots by using the STag detection kit, which consists of a biotinylated S protein detected with streptavidin-linked alkaline phosphatase. Assays were performed according to the manufacturer's instructions (Novagen).
In vitro protein synthesis was performed using rabbit reticulocyte lysate (Promega) primed with myb305 mRNA and myb340 mRNA prepared by in vitro transcription from the corresponding pYES2 constructs with T7 DNA polymerase, according to the manufacturer's instructions (Promega). A mock-translated negative control without added RNA was prepared at the same time. SDS-PAGE of translation products labeled with 35S-methionine confirmed the production of polypeptides of the sizes expected for Myb305 and Myb340 in equal amounts for equal additions of RNA.
Electrophoretic Mobility Shift Assay
Probes were labeled by filling in 3'recessed termini with labeled dCTP and dATP, using the Klenow fragment of DNA polymerase I (Sambrook et al., 1989) . The electrophoretic mobility shift assay(EMSA) was based on Holdsworth and Laties (1989) , except that samples (10 pL final volume) contained 0.1 pg of poly(d1-dC) and gPAL2 promoter fragment A; 3 pg of poly(d1-dC) and 3 pg of poly(dG-dC) and the CHS promoter fragment; 1 pg of poly(d1-dC) and the CHI promoter fragment; 2 pg of poly(d1-dC) and 2 pg of poly(dG-dC) and the DFR promoter fragment; 1 pg of poly(dA-dT) and the F3H promoter fragment; or 1 pg of poly(d1-dC) and the AS promoter fragment. Concentrations of nonspecific competitors were optimized for each promoter fragment. Use of the f 3 H promoter fragment from positions -243 to -29 resulted in smearing of EMSAs. A second f 3 H promoter fragment from positions -243 to +18 resulted in essentially the same activation in yeast expressing Myb305 or Myb340, as did the -243 to -29 promoter (3.3-fold activation by Myb305 and 9.7-fold activation by Myb340). Subsequently, we used this fragment from positions -243 to +18 as a probe for EMSA to remove the problem of smearing.
Samples were incubated for 90 min at 4OC before electrophoresis. Preincubation with antibodies was performed on ice for 30 min before the addition of the probe. Competition experiments were performed with fragments A, 6, and C based on the gPAL2 promoter (Sablowski et al., 1994) containing an unmutated P-box and G-box, an unmutated P-box and a mutated G-box, and a mutated P-box and an unmutated G-box, respectively.
Treatment of Extracts with Alkaline Phosphatase
Before the EMSA, 10-pL aliquots of yeast protein extract (1 mg mL-l), E. coli protein extract (0.4 to 0.6 mg mL-l), or lysate from in vitro translation were incubated with 1 pL of bacterial alkaline phosphatase (Boehringer Mannheim; 1 unit per L) at 30% for 30 min. After treatment, the samples were incubated with the DNA probe on ice and used for the EMSA as previously described.
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DNase I footprinting was performed essentially as described by Ausubel et al. (1987) . Myb305 and Myb340 proteins were synthesized in vitro, and incubation without added RNA was used as a control. Aliquots of lysate (10 pL) were incubated with 104 cpm of labeled probe in the presence of 0.1 pg poly(d1-dC) in afinal volume of 25 pL, as described for the EMSA. After incubation on ice for 1 hr, samples were brought to 5 mM MgC12 and 1 mM CaCI,. DNase I digestion was initiated by adding 0.25 units of enzyme per microliter of sample and stopped by adding 200 pL of stop buffer (200 pL of EDTA, 1% SDS, 200 pL of NaCI, 25 pg mL-' tRNA).
In Situ Hybridization
The methods used for digoxigenin labeling of RNA probes, tissue preparation, and in situ hybridization are as described by Jackson (1991a) and Bradley et al. (1993) . Probes were made from the following cDNA fragments subcloned in pBluescript SK+ (with the exception of the CHl fragment, which was in pGEM4Z): myb305, a 1.1-kb BamHI-Xhol fragment (Jackson, 1991b) ; myb340, a 0.9-kb BamHI-Xhol fragment (Jackson, 1991b ); f3H, a 1.4-kb EcoRl fragment ; and CHI, a 0.6-kb EcoRI-Rsal fragment (Jackson et ai., 1991b) . Fulllength myb305 and myb340 probes were used because these had been shown to be specific for each gene under the conditions used (Jackson et al., 1991; Jackson, 1991b) . T7, T3, or SP6 promoters were used as appropriate to make sense or antisense probes. No color label was detected in control experiments in which sense strand probes were used.
